[1] Dehydration embrittlement of metamorphosed oceanic crust and mantle in the subducting slab may be responsible for the occurrence of intermediate-depth earthquakes. We explore the possibility that this hypothesis can explain the morphology of the double seismic zones observed in northeast Japan, southwest Japan, northeast Taiwan, northern Chile, Cape Mendocino, and eastern Aleutians. We calculate transient temperature structures of slabs based on geologically estimated subduction histories of these regions. We then determine dehydration loci of metamorphosed oceanic crust and serpentinized mantle using experimentally derived phase diagrams. The depth range of the dehydration loci of metamorphosed oceanic crust and serpentine is dependent on slab age. The dehydration loci of serpentine produce a double-layered structure. Because the upper dehydration loci of serpentine are mostly located in the wedge mantle above the slab, we regard the upper plane seismicity representing dehydration embrittlement in the oceanic crust, and we fix the slab geometry so that the upper plane seismicity is just below the upper surface of the slab. We find that the lower plane seismicity is located at the lower dehydration loci of serpentine, which indicates that the morphology of the double seismic zones is consistent with the dehydration embrittlement.
Introduction
[2] Double seismic zones have been observed at the depth range of 50-200 km in several subduction zones. The stress state of these slabs is generally characterized by down-dip compression and down-dip tension along the top and bottom layers of the double zones, respectively [e.g., Hasegawa et al., 1978a; Kawakatsu and Seno, 1983; Matsuzawa et al., 1986] . The origin of such a stress state has been discussed, and unbending of the slab [e.g., Engdahl and Scholz, 1977; Kawakatsu, 1986] , thermoelastic stresses [Fujita and Kanamori, 1981; Hamaguchi et al., 1983; Goto et al., 1985] and sagging of the subducted slab [Sleep, 1979] have been proposed as possible mechanisms. On the other hand, the double seismic zones observed in Cape Mendocino [Smith et al., 1993] , Alaska [Ratchkovsky et al., 1997] , northeast Taiwan [Kao and Rau, 1999] , and New Zealand [Eberhart-Phillips and Reyners, 1997] are relatively shallow and have lateral compression in the shallow portion and downdip tension in the deeper portion both for the upper and lower planes. Kao and Rau [1999] introduced the ''second-type double seismic zone'' for these slabs and proposed that the lateral compression is caused by a collision between the obliquely subducted plate and the upper plate.
[3] Given any mechanism for the origin of the stresses for these two types of double seismic zones, it alone is, however, not sufficient to account for the occurrence of earthquakes at depths greater than 30 km, because lithostatic pressure becomes too high for any brittle fracture or frictional slip to be possible [e.g., Frohlich, 1994; Kirby, 1995] . Some additional effects that reduce the strength of rocks are therefore required for the occurrence of intermediate-depth and deep earthquakes.
[4] Many researchers have paid attention to the origins of intermediate-depth and deep-focus earthquakes experimentally and theoretically from this viewpoint. Bridgman [1945] proposed that volumetric contraction due to polymorphic phase transition could release elastic waves, and Liu [1983] considered metastable phase transformations of silicates as a possible mechanism for generating seismic waves. Recently, shear instability due to the phase transformation of metastable olivine-spinel in the deep mantle has been proposed as a mechanism of deep earthquakes [e.g., Green and Burnley, 1989; Kirby et al., 1991; Wiens et al., 1993; Kirby, 1995] . The same phase transformation, however, cannot account for intermediate-depth earthquakes, including double seismic zones there, simply because olivine is not in a metastable state at depths of between 50 and 300 km. Thus the occurrence of intermediate-depth earthquakes must invoke other mechanisms that are appropriate for the corresponding temperature and pressure conditions.
[5] Dehydration instability or dehydration embrittlement may be an attractive mechanism for the occurrence of intermediate-depth earthquakes. This proposes that fluid released due to dehydration of hydrous minerals can induce in situ mechanical instability and brittle deformation at the time of dehydration [Raleigh and Paterson, 1965] . This mechanism has the advantage that locations where double seismic zones appear in the slab can be predicted from experimental results for dehydration reactions and compared to observed seismicity. Nishiyama [1992] first proposed that the dehydration of serpentinized mantle is responsible for the lower plane of the double seismic zone. Seno and Yamanaka [1996] independently indicated that the dehydration loci of serpentine are consistent with both the double-planed seismicity in the slab and deep bending events at the trench outer rise. Peacock [2001] emphasized the importance of the dehydration of slab mantle for the lower plane of the double seismic zone beneath northeast Japan. On the other hand, Nishiyama [1992] , Kao and Liu [1995] , and Kirby et al. [1996] noted the possibility that the upper plane of the double seismic zone is caused by dehydration embrittlement of subducting oceanic crust. Peacock and Wang [1999] explained differences in the depths of seismicity between northeast and southwest Japan by differences in dehydration of the oceanic crust with different ages. Recently, Seno et al.
[2001] attempted to explain a variety of seismicity in the Philippine Sea slab subducting beneath southwest Japan, including double seismic zones [e.g., Hori, 1997] , in terms of the dehydration embrittlement, not only in the crust but also in the serpentinized mantle.
[6] Aside from dehydration embrittlement, Kao and Liu [1995] proposed that the lower plane seismicity is attributed to decomposition of metastable Al-rich enstatite into Alpoor enstatite and garnet. Abers [1996] suggested that the heterogeneity of basaltic composition in the oceanic lithosphere generated by excess melts near the mid-ocean ridge and the basalt-to-eclogite transition in the slab having such heterogeneity could generate double seismic zones. There is, however, a serious doubt as to whether or not these mechanisms can explain the fact that not all subducting slabs have double seismic zones. In addition, Hacker et al. [1993] indicated that nonpolymorphic phase transformation could not result in earthquake faulting because the rate of reaction is sufficiently slower than that of earthquake rupture. Therefore the metamorphic reaction from enstatite to enstatite + garnet [Kao and Liu, 1995] might not be the origin of the lower plane seismicity, as Hacker et al. [2003] pointed out. Dehydration embrittlement has another advantage that permits us to discuss why double seismic zones appear in limited places from the viewpoint of hydration mechanism. Seno and Yamanaka [1996] attempted to do so based on the hypothesis that hydration of a deep portion of an oceanic plate occurs when it passes over superplumes or plumes. More recently, Peacock [2001] proposed a hydra- Figure 1 . Location map of the study areas where double seismic zones have been observed: northeast Japan [Hasegawa et al., 1978a; Matsuzawa et al., 1986] , southwest Japan [Seno et al., 2001] , northeast Taiwan [Kao and Rau, 1999] , northern Chile [Comte et al., 1999] , Cape Mendocino [Smith et al., 1993] , and eastern Aleutians [Hudnut and Taber, 1987] . ESE 9 -2 tion mechanism with normal faulting at the trench outer rise region. We discuss these hydration mechanisms later.
[7] In this paper, we explore the possibility that dehydration embrittlement can explain observed geometries of the double seismic zones around the world, in which the dehydration loci will be controlled by the slab age. We specifically investigate the double-planed structures of seismicity observed in several subduction zones where the subducting slabs have different ages ( Figure 1) ; they are northeast Japan [Hasegawa et al., 1978a; Matsuzawa et al., 1986] , southwest Japan [Seno et al., 2001] , northeast Taiwan [Kao and Rau, 1999] , northern Chile [Comte et al., 1999] , Cape Mendocino [Smith et al., 1993] , and eastern Aleutians [Reyners and Coles, 1982; Hauksson et al., 1984; Hudnut and Taber, 1987; Abers, 1992] .
[8] We calculate the temperature structures of subducting slabs that have double seismic zones. The temperature structure of subducting slab is very sensitive to plate age and convergence velocity [e.g., Hasebe et al., 1970; Toksöz et al., 1971; van den Beukel and Wortel, 1988; Molnar and 3 . Schematic of the subduction zone for which the temperature calculation is conducted. The depth of the box is 670 km, and the lateral length of the model is dependent on the dip angle of the subducting slab. A rigid oceanic plate having a time-dependent age is subducting with a time-dependent velocity from the left-hand side boundary with a particular dip angle. Zero velocity is assigned down to a depth of 50 km for the continental lithosphere. No shear stress is applied at the bottom and at the righthand side boundary. No mass or heat flux is assumed at the right-hand side boundary and at the bottom of the landward side. The surface temperature is 0°C. Temperature profile at the trench side of the model is calculated using the cooling half-space model, and it changes due to slab aging. England, 1990; Dumitru, 1991] . While steady state thermal models that do not consider the history of subduction have been proposed in the past [e.g., McKenzie, 1969; Honda, 1985; Davies and Stevenson, 1992; Furukawa, 1993a] , the age of the plate at the trench and the convergence velocity may change with time, which would affect the temperature structure [e.g., Wang et al., 1995] . Thus we calculate transient temperature structures of slabs referring to subduction histories of study areas.
[9] On the basis of experimental and theoretical studies on the dehydration reactions of metamorphosed crust and mantle, we delineate the dehydration loci of the metamorphosed rocks in the slab. In order to compare them to the geometries of the double seismic zones, we fix the slab geometry with respect to the seismicity as follows. In general, the slab geometry, independent from the seismicity, has not been derived, except for a few locations such as northern Honshu where the converted seismic waves are available to fix the slab geometry [Hasegawa et al., 1978b] . Therefore we take the following way to fix the slab geometry. By depicting the dehydration loci of serpentine for various slabs, we find that they are classified into the cold and hot slab types, which are schematically shown in Figure 2 . In the cold slab type, there are two parallel dehydration loci; the upper branch is, however, almost in the mantle wedge (Figure 2a ). Only the deepest portion penetrates into the slab. Generally, this deepest portion is deeper than the upper plane of the double seismic zone. For the hot slab type, the upper branch is also in the mantle wedge but is not parallel with the lower branch (Figure 2b ). This leads us to conclude that the upper plane seismicity must be representing dehydration in the subducting oceanic crust, because enough amounts of differential stresses for generation of earthquakes would not exist in the mantle wedge. We then fix the slab geometry so that the upper plane seismicity is just below the upper slab surface. This is also concordant with the results in northern Honshu indicating that the upper plane seismicity is just below the upper slab surface [Hasegawa et al., 1978b] . We therefore focus on examining whether the lower plane seismicity is consistent with the lower branch of the dehydration loci of serpentine, and the depth extent of the upper plane seismicity is consistent with the dehydration loci of oceanic crust with different ages and subduction histories.
[10] Although double seismic zones have been also observed in south central Alaska [Ratchkovsky et al., 1997] , Kamchatka-Kuril [Veith, 1977; Kao and Chen, 1995] , New Britain [McGuire and Wiens, 1995] , and New Zealand [Eberhart-Phillips and Reyners, 1997], we do not investigate these areas for the following reasons. The geometries of the double seismic zones observed in south central Alaska and Kamchatka-Kuril and their subduction histories are similar to those in eastern Aleutians and northeast Japan, respectively. The tectonic history of the New Britain region seems to be too complicated to obtain a reliable temperature structure of the slab, and the feature of the double seismic zone in New Zealand is not clear.
Temperature Calculations
[11] We calculate the temperature structure of a subduction zone for a two-dimensional vertical section perpendicular to the trench axis (Figure 3 ). The depth of the box is 670 km, and the lateral length of the box is dependent on the dip angle of the subducting slab. A rigid oceanic plate having a timedependent age is subducted with a time-dependent velocity from the left boundary of the box, i.e., the trench. We assume that the position of the trench is fixed and the slab material is not entrained into the flow of the mantle convection.
[12] The mantle flow is treated as an incompressible Newtonian viscous fluid with an infinite Prandtl number. We adopt the Boussinesq approximation with variation of density caused only by temperature. The governing equations employed in this study are the equation of conservation of momentum,
the equation of conservation of mass, 
where u is the velocity, h is the viscosity, P is the pressure, r is the density, g is the gravitational acceleration, a is the coefficient of thermal expansion, T is the potential temperature, t is the time, k is the thermal diffusivity, H is the amount of internal heating due to radioactive elements and viscous dissipation, and C p is the specific heat. The momentum and energy equations are coupled through viscosity and buoyancy forces. Equations (1), (2), and (3) are nondimensionalized using dimensionless variables and the Rayleigh number as a form of
where ÁT is the temperature difference and d is the depth of the box. We impose the temperature-and depth-dependent viscosity as
following Christensen [1996] , where a, b, and c are constants, T 0 is the potential temperature of the asthenosphere, and h 0 is the reference viscosity defined at T = T 0 and at z = 0.
[13] The finite element code ConMan developed by King et al. [1990] is used to solve these equations. No mass or heat flux is assumed at the bottom of the landward side and at the right-hand side boundary. The thermally conductive lid of the landward region, corresponding to the continental lithosphere, is assumed to be rigid, and zero-velocity condition is adopted down to the depth of 50 km in the landward region. The upper surface is held at 0°C. No shear stress is assumed at the bottom and the right-hand sidewall, while shear stress occurs between the fixed lid and the convective region.
[14] The effect of viscous heating is incorporated into the calculations. While radiogenic heat sources are included in the continental crust and mantle, it does not greatly affect the nonsteady state solutions adopted in this study. Frictional heating of the fault zone between the subducting slab and overlying mantle may contribute to the temperature structure in the slab. The rate of shear heating is given by the product of the shear stress and the convergence rate of the plate. Convergence rates at various subduction zones have been estimated [e.g., Engebretson et al., 1985; Maruyama and Seno, 1986] . The interplate shear stresses have been estimated to be from zero to a few tens of megapascals using surface heat flow data [e.g., van der Beukel and Wortel, 1988; Hyndman and Wang, 1993; Wang et al., 1995] and 0 -25 MPa for Honshu using the force balance in the subduction zone provided by Seno [1999] . We perform calculations for northern Japan including the shear heating under the condition that shear stress is 25 MPa in the depth range from 0 to 60 km and find that the frictional heating perturbs the temperature structure only by a few percent near the shear zone, changing the overall results insignificantly. Hence we neglect frictional heating in this study.
[15] A time-dependent boundary condition for temperature and convergence velocity is applied to the trench side boundary of the model. The geotherm of the oceanic plate is calculated from the one-dimensional half-space cooling model as [e.g., Turcotte and Schubert, 1982] :
where t is the age of the plate and erf is the error function. For each successive time step, the vertical temperature distribution at the trench side boundary is assigned using this equation for that particular plate age. The initial temperature structure of the model in the landward region is generated using Equation (6) with an age of 60 Ma; this initial condition does not affect the calculated temperature structure of the slab. The parameter values used in this study are shown in Table 1 .
[16] Finally, we convert the calculated potential temperature T into the temperature q by taking into account adiabatic compression [e.g., McKenzie, 1970] as
Dehydration Reactions in the Slab
[17] A phase diagram of oceanic crust with composition of basalt + H 2 O is illustrated in Figure 4a [Okamoto and Maruyama, 1999] . At low temperature and pressure conditions, blueschists (glaucophaneschists) and greenschists are stable facies. Blueschists are mainly composed of lawsonite, glaucophane, chlorite, and jadeite. With increasing temperature lawsonite is transformed into epidote, chlorite decomposes to form mainly garnet, and glaucophane changes composition to form amphibole. At temperatures above 600°C and pressures between 1.5 and 2.2 GPa, amphibole-eclogites are stable. When the pressure oversteps to 2.2-2.4 GPa, amphibole-eclogites are transformed into epidote-eclogites at a temperature of $600°C. Both amphibole-eclogites and epidote-eclogites are terminated by the melting curve under the hydrous condition. Blueschists are transformed into lawsonite-eclogites with increasing pressure at temperatures below 500°C. Lawsonite-eclogites are stable up to 10 GPa at temperatures less than 900°C. Lower pressure facies than blueschists are greenschists, which are transformed into epidote-amphibolites, amphibolites, and granulites successively with increasing temperature.
[18] The hydrated minerals in basalt of the subducting oceanic crust are mainly lawsonite, chlorite, and amphibole. In Figure 4a , maximum H 2 O contents (wt %) of each facies calculated by Peacock [1993] , Poli and Schmidt [1995] , and Okamoto and Maruyama [1999] are depicted. Lawsonite contains 11.2 wt % H 2 O and chlorite contains $12 wt % H 2 O. Only 2.1 wt % H 2 O is presented in amphibole, but amphibole can form 20-60 wt % of basalt. Dehydration reactions reduce the water contents of reproduced facies.
Moreover, water contents continuously decrease, because most of the facies involve solid solutions, and thus the reactions could take place over some temperature and pressure intervals [Liou et al., 1985] . The experimental study by Poli [1993] showed that decomposition of amphibolites into amphibole-eclogites causes continuous dehydration until the breakdown of amphibole. The blueschists to lawsonite-eclogites transformation represented by the reaction as glaucophane + clinozoisite = garnet + omphacite + H 2 O could release 3 wt % H 2 O [Liu et al., 1996] . In lawsonite-eclogites, dehydration is expected to occur continuously with increasing pressure.
[19] We calculate P-T paths at the midcrustal level for slabs with double seismic zones, and plot them in the phase diagram of basalt + H 2 O (Figure 4a ), using the results of the temperature calculation described in the next section in detail. For northeast Japan and northern Chile, the paths reach lawsonite-eclogites from blueschists. Along these paths, the blueschists to lawsonite-eclogites transformation would release a large amount of water from the subducting oceanic crust. We take the boundary between blueschists and lawsonite-eclogites as an approximate limit of the significant dehydration from the crust, which corresponds to a depth of $75 km. For northeast Taiwan and eastern Aleutians, the paths go through blueschists, amphibole-eclogites, and epidote-eclogites, and these finally arrive at lowsonite-eclogites. We take the boundary between blueschists and amphiboleeclogites as an approximate limit of the significant dehydration along these paths. As a result, dehydration reactions mostly occur before reaching a depth of $60 km. For southwest Japan and Cape Mendocino, the paths go successively through pumpellyite-actnolites, greenschists, epidoteamphibolites, amphibole-eclogites, and epidote-eclogites, and finally reach dry eclogites. We assume that the significant dehydration along these paths is completed within the stability domain of epidote-amphibolites. As a result, dehydration reactions mostly occur before reaching a depth of $45 km.
[20] We now discuss the dehydration reactions of serpentinized mantle minerals. The principal hydrous minerals of peridotite are antigorite (serpentine), phase A, chlorite, talc, and amphibole. Antigorite contains 12.3 wt % H 2 O (13 wt % together with chlorite) and could have a predominant role in dehydration [Schmidt and Poli, 1998 ]. Antigorite is stable at temperatures greater than 300°C, and below 300°C antigorite polymorphic phases (chrysotile and lizardite) are stable [e.g., O 'Hanley, 1996] . Three experimental and/ or theoretical results of antigorite reaction boundaries by Ulmer and Trommsdorff [1995] , Wunder and Schreyer [1997] , and Bose and Navrotsky [1998] are shown in Figure  4b . Antigorite dehydrates to form talc + olivine + H 2 O [Ulmer and Trommsdorff, 1995] at pressures of <2 GPa, and to form orthopyroxene + olivine + H 2 O from 2 to 6 GPa [Ulmer and Trommsdorff, 1995; Bose and Navrotsky, 1998 ]. At pressures higher than 6 GPa, antigorite dehydrates to form orthopyroxene + phase A + H 2 O [Ulmer and Trommsdorff, 1995; Bose and Navrotsky, 1998 ]. The maximum pressure of the stability of antigorite obtained by Wunder and Schreyer [1997] is from 4.5 to 5.5 GPa, which is less than that of other studies. This difference is attributed to the difference in the compositional and structural states of the starting materials. We use the results of Ulmer and Trommsdorff [1995] (hereinafter referred to as UT) and Wunder and Schreyer [1997] (hereinafter referred to as WS) for delineating dehydration loci of serpentinized mantle, because the results of Bose and Navrotsky [1998] give similar dehydration loci to those of UT. The composition of the Earth's mantle could be different for each place, and thus it would be important to use both of the results.
Dehydration Loci and the Double-Planed
Structure of Seismicity 4.1. Northeast Japan
[21] In northeast Japan, the Pacific plate subducts beneath the North American plate from the Japan Trench. The detailed seismic structures of this subduction zone, including the double-planed seismicity, have been revealed by many seismic observations [e.g., Hasegawa et al., 1978a; Kawakatsu and Seno, 1983; Matsuzawa et al., 1986; Igarashi et al., 2001; Hosono and Yoshida, 2001] . Hasegawa et al. [1978a] investigated the focal mechanisms of the double seismic zone and concluded that the upper plane is characterized by down-dip compression and the lower plane by down-dip tension. More recently, Igarashi et al. [2001] found that the upper plane has a double-layered substructure in the depth range between 60 and 100 km, which is characterized by normal faulting and down-dip compression for the upper and lower subplanes, respectively. Hosono and Yoshida [2001] , using the Japan Meteorological Agency (JMA) seismic catalogue data, indicated that the upper plane seismicity is uniformly distributed in a space over northern Honshu but the lower one is not. Igarashi et al. [2001] obtained the same result using Tohoku University microearthquake network data.
[22] We use the so-called JMA unified hypocenter data for the period from October 1997 to July 2001, for which the arrival times recorded in the networks of JMA, universities and national institutes are all combined for the hypocenter determination. The seismicity is shown in cross sections by the dots in Figure 5 ; their section lines shown in Figure 6 are the same as those of Matsuzawa et al. [1986] . The features of seismicity in each cross section are remarkably similar to those of Matsuzawa et al. [1986] . The upper plane seismicity starts beneath the thrust zone at a depth of $60 km, and it becomes less active from a depth of $120 km (see Hosono and Yoshida [2001] for details) but extends to a depth of $150 km. The upper plane seismicity in profiles a, b, c, e, and f seems to bend slightly downward at a depth of $120 km and merge with the lower one. The lower plane seismicity extends to a depth of $200 km.
[23] For the temperature calculation, we adopt 30°as the constant dip angle of the subducting slab from the geometry of the upper plane seismicity. Although the deepest portion of the upper plane seismicity along the several profiles is likely to bend downward as stated above, we adopt the constant dip at that depth range also according to the results of converted waves by Hasegawa et al. [1978b] . The ridge subduction occurred at 60 Ma [Maruyama and Seno, 1986] . Present age of the plate at the trench is 130 Ma from the magnetic anomalies of the ocean floor [Nakanishi et al., 1992] . On the basis of the work by Maruyama and Seno [1986] , the convergence velocity of the plate is varied between 100 and 56 mm yr À1 during the past 60 Myr.
[24] Predicted dehydration loci of crust and mantle are depicted on the calculated temperature structure whose isotherms are shown by gray curves in Figure 5 . Dehydration loci of crust are shown by rectangles, and those of serpentinized mantle based on the results of UT and WS are illustrated by dashed and dotted lines, respectively. The dehydration loci of crust associated with the reaction from blueschists to lawsonite-eclogites (see Figure 4a) are located down to a depth of $75 km, but the upper plane seismicity extends farther down to a depth of 150 km or more. The dehydration loci of serpentine produce a double-layered structure, but its upper branch is almost located in the wedge mantle above the slab. At the depth of 200 km, it penetrates into the slab where there is no slab seismicity. The lower plane seismicity is located along the lower dehydration loci of serpentine by the result of WS. The deepest part of the upper plane seismicity observed in profiles a, b, c, e, and f merges into the lower one, and it is not located along the dehydration loci of crust or its possible down-dip extension. Although this part seems to enter the slab mantle, it is located much shallower than the upper dehydration loci of serpentine from the results of either UT or WS.
Southwest Japan
[25] In southwest Japan, the Philippine Sea plate subducts beneath the Eurasian plate from the Nankai Trough. Recently, a variety of seismicity in the Philippine Sea slab has been revealed [e.g., Hori, 1997; Nakamura et al., 1997] , and a double-planed structure of the seismicity is recognized beneath Kii Peninsula [Seno et al., 2001] . We use Japan University Network Earthquake Catalog Hypocenters data for the period from October 1985 to December 1998, which are shown in cross sections by the dots in Figure 7 ; their section lines are shown in Figure 8 . Although the double seismic zone is not so evident in these sections, we follow Seno et al. [2001] , who used crustal later phases to identify the upper plane seismicity. Then the upper plane seismicity starts beneath the thrust zone at a depth of $25 km, and it extends down to a depth of $60 km. The lower plane seismicity is located at the depth range between 50 and 75 km.
[26] For the temperature calculation, we adopt 20°as the constant dip angle of the subducting slab from the geometry of the upper plane seismicity. We assume that plate subduction started at 16 Ma [Otofuji et al., 1991] . At the location of the sections, the age of the plate at the trench is 20 Ma at present [Okino et al., 1994] , and it was 4 Ma when subduction began from the magnetic anomalies of the oceanic floor [Okino et al., 1994] . The convergence velocity of the plate is estimated to be 180 mm yr À1 from 16 to 14 Ma from the paleomagnetic study by Otofuji et al. [1991] and 60 mm yr À1 from 14 to 4 Ma and 35 mm yrÀ 1 from 4 Ma to the present from Seno and Maruyama [1984] .
[27] Predicted dehydration loci of crust and mantle are depicted on the calculated temperature structure in Figure 7 . The dehydration loci of crust from greenschists to epidoteamphibolites (see Figure 4a) are located down to a depth of $45 km, although the upper plane seismicity extends to a depth of $60 km. The lower plane seismicity is located along the lower dehydration loci of serpentine from the results of both UT and WS, although it is diffuse in the depth range between 60 and 80 km.
Northeast Taiwan
[28] In northern Taiwan, the Philippine Sea plate subducts beneath the Eurasian plate along the Ryukyu Trench. Kao and Rau [1999] relocated earthquake hypocenters using the Taiwan Seismic Network and revealed a double seismic zone beneath northeast Taiwan. The seismicity used in this study is shown in cross sections by the dots in Figure 9 ; their section lines are shown in Figure 10 . The upper plane seismicity starts below the interplate thrust zone and extends to a depth of 75 km at least. The lower plane seismicity extends to a depth of $150 km. Kao and Rau [1999] suggested that the double-planed structure is controlled by the temperaturedependent rheology of the subducting lithosphere.
[29] For the temperature calculation in this region, we change the dip angle of the subducting slab at a depth of 80 km from 40°to 65°to be concordant with the distribution of the upper plane seismicity. The ridge subduction occurred at 50 Ma [Seno, 1985] . The present age of the plate at the trench is 40 Ma [Seno and Maruyama, 1984] . The convergence velocity of the plate is estimated to be 100 mm yr À1 from 50 to 30 Ma and 50 mm yr À1 from 30 Ma to present from Seno and Maruyama [1984] .
[30] Predicted dehydration loci of crust and mantle are depicted on the calculated temperature structure in Figure 9 . The dehydration loci of crust are located down to a depth of $60 km, but the upper plane seismicity extends to a depth of $75 km, or more. The dehydration loci of serpentine produce a double-layered structure, but its upper branch is located in the wedge mantle above the slab. The lower plane seismicity is located along the lower dehydration loci of serpentine from the results of both UT and WS.
Northern Chile
[31] In northern Chile, the Nazca plate subducts beneath the South American plate. Isacks and Molnar [1971] and Stauder [1973] indicated that the intermediate-depth earthquakes in northern Chile are characterized by down-dip T axes. However, the presence of down-dip compressional events beneath the plane of down-dip tensional events, i.e., a double seismic zone, has been revealed by local microearthquake networks [e.g., Araujo and Suárez, 1994; Suárez, 1994, 1995; Comte et al., 1999] . Such a stress state is the opposite of that observed in many other double seismic zones. We use the double seismic zone found in the Arica elbow [Comte et al., 1999] , which is shown in cross sections by the dots in Figure 11 ; their section lines are shown in Figure 12 . The distribution of stresses in the Arica double seismic zone is also down-dip tension and down-dip compression for the upper and lower planes, respectively [Comte et al., 1999] . The upper plane seismicity extends to a depth of 140 km, and the lower one is almost parallel to the upper one and extends down to about the same depth.
[32] For the temperature calculation, we adopt 30°as the constant dip angle of the subducting slab from the geometry of the upper plane seismicity. We assume that plate subduction started at 70 Ma, because no information is available for ridge subduction. The present age of the plate at the trench is estimated to be 52 Ma from the magnetic anomalies of the oceanic floor [Yáñez et al., 2001] . On the basis of the work by Parado-Casas and Molnar [1987] , the convergence velocity of the plate is estimated to be 50 mm yr À1 from 70 to 50 Ma, 130 mm yr À1 from 50 to 36 Ma and 100 mm yrÀ 1 from 36 Ma to the present. The relative position of the Farallon ridge to the South American plate seems to have been almost fixed during the last 70 Myr [Engebretson et al., 1985] , and the convergence velocity has been almost constant during this period. Thus we simply assume that the age of the plate at the trench has been constant since 70 Ma.
[33] Predicted dehydration loci of crust and mantle are depicted on the calculated temperature structure in Figure  11 . We can see that the dehydration loci of crust are located down to a depth of $75 km. The seismicity extends, however, farther to a depth of 140 km. The dehydration loci of serpentine produce a double-layered structure, but its upper branch is almost located in the wedge mantle above the slab. The lower plane seismicity is located along the lower dehydration loci of serpentine from the result of WS, although it is slightly shallower than the dehydration loci in profile c.
Cape Mendocino
[34] The Gorda plate subducts beneath the North American plate north of the Mendocino triple junction. Using data from the Humboldt Bay seismic network, Smith et al.
[1993] revealed the double-planed seismicity at depths between 15 and 25 km north of the triple junction. Seismicity [Smith et al., 1993] is shown in a cross section by the dots in Figure 13 ; its section line is shown in Figure  14 . The double seismic zone in this region is shallow and separated for a distance of less than 10 km. Focal mechanisms of earthquakes are mostly lateral compression, whereas those of the events farther to the east are downdip tension [Smith et al., 1993; Wang and Rogers, 1994; Kao and Rau, 1999] .
[35] For the temperature calculation, we adopt 10°as the constant dip angle of the subducting slab from the geometry of the upper plane seismicity. We assume that plate [Kao and Lou, 1999] , calculated temperature structure, and dehydration loci of crust and mantle. Notations are as in Figure 5 . ESE 9 -12 subduction initiated at 70 Ma, because no information for ridge subduction is available in the region. On the basis of the work by Wilson [1993] , the convergence velocity of the plate is estimated to be 70 mm yrÀ 1 from 32 to 20 Ma and 35 mm yr À1 from 20 Ma to the present. We extrapolate the velocity of 70 mm yr À1 for the period before 32 Ma. The age of the plate at the trench at 20 Ma was 15 Ma and that at the present is 8 Ma [Wilson, 1993] . We estimate the age of the plate at the trench at 70 Ma to be 45 Ma by extrapolating the spreading rate at the Gorda ridge between 32 and 20 Ma [Wilson, 1993] for the period before 32 Ma.
[36] Predicted dehydration loci of crust and mantle are depicted on the calculated temperature structure in Figure  13 . The dehydration loci of the crust are located at depths between 10 and 45 km, but the upper plane seismicity is restricted to depths shallower than 25 km. The lower plane seismicity is located along the lower dehydration loci of serpentine, although it is somewhat diffuse. The locations of the dehydration from the results of UT and WS are not distinguished. The dehydration loci of serpentine extend farther in depth than the observed lower plane seismicity.
Eastern Aleutians
[37] In the Aleutian arc, the Pacific plate subducts beneath the North American plate. A double seismic zone has been observed near the Shumagin Islands [Reyners and Coles, 1982; Hauksson et al., 1984; Hudnut and Taber, 1987; Abers, 1992] . Recently, Ratchkovsky et al. [1997] found a double seismic zone in south central Alaska, too. We use the double seismic zone observed near the Shumagin Islands, because in this region there is a marked contrast so that a double-planed structure is seen in the western section but not in the eastern section. The seismicity [Hudnut and Taber, 1987] is shown in cross sections by the dots in Figure 15 ; their section lines are shown in Figure 16 . The upper plane seismicity in both sections is located at depths between 50 and 175 km. The lower plane seismicity in the western section starts beneath the main thrust zone at a depth of $70 km and extends down to a depth of $175 km. The fault plane solutions in the double seismic zone have temporal and spatial variations that could not be explained by plate bending or unbending, and these have been attributed to fluctuations in local stresses [Hauksson et al., 1984; Abers, 1992] .
[38] For the temperature calculation in this region, we change the dip angle of the subducting slab at a depth of 80 km from 24°to 66°for the eastern section and at a depth of 110 km from 36°to 67°for the western section to be concordant with the distribution of the upper plane seismicity. DeLong et al. [1978] estimated the age of the ridge subduction at the Aleutian Trench to be 35 Ma. The present age of the plate at the trench is 63 Ma from the magnetic anomalies of the ocean floor [Grow and Atwater, 1970] . The convergence velocity of the plate is 20 mm yr À1 from 35 to 10 Ma and 50 mm yr À1 from 10 Ma to the present .
[39] Predicted dehydration loci of crust and mantle are depicted on the calculated temperature structure in Figure  15 . The dehydration loci of crust are located down to a depth of $60 km for both eastern and western sections, but the upper plane seismicity extends to a depth of $175 km. The dehydration loci of serpentine produce a double-layered structure. Its upper branch penetrates into the slab at depth deeper than 120 km and is located along the deepest portion of the upper plane seismicity. The lower plane seismicity observed in the western section (Figure 15b ) is located along the lower dehydration loci of serpentine from the results of UT (the dashed line). The lower dehydration loci of serpentine from the results of WS (the dotted line) lie along the lower plane seismicity only to a depth of $120 km. The lack of lower plane seismicity in the eastern section (Figure 15a ) clearly indicates that whether or not a double seismic zone exists is determined by the presence of the lower plane seismicity.
Discussions
[40] To test the dehydration embrittlement hypothesis as a possible mechanism for the occurrence of intermediatedepth earthquakes, we depict the dehydration loci of metamorphosed crust and mantle, and compare them to the morphologies of the double seismic zones. We find that there are two branches of the dehydration loci of serpentine, and the upper branch is mostly located in the mantle wedge, except in northeast Japan and eastern Aleutians where the deepest part of the upper dehydration loci penetrates into the slab. Therefore we regard the upper plane seismicity to be located along the oceanic crust, and fix the slab geometry so that the upper plane seismicity is just below the upper surface of the slab.
[41] The dehydration loci of crust are determined by the P-T paths that are dependent on the subduction histories of the slab, and they extend to a depth of $45 km for hot slabs and $75 km or more for cold slabs. The depth for cold slabs is a crude estimate of the loci because the continuous dehydration reaction in the oceanic crust may occur at depths greater than 75 km. In fact, Peacock and Wang [1999] and Hacker et al. [2003] assigned the dehydration reaction in the oceanic crust at depths more than 100 km, adopting the boundary of eclogite facies for the significant dehydration.
[42] In northeast Japan and northern Chile, the upper plane seismicity extends to depths greater than the predicted dehydration loci of crust. Whereas we adopt the boundary between blueschists and lawsonite-eclogites as an approximate limit of significant crustal dehydration from the P-T paths in Figure 4a , the dehydration reactions may continue at greater depths in these areas. In northeast Taiwan and eastern Aleutians, the upper plane seismicity extends to depths greater than that corresponding to the boundary between blueschists and amphibole-eclogites (see Figure 4a) . The continuous dehydration may also occur in lawsonite-eclogites at greater depths in these areas. In southwest Japan, the upper plane seismicity also extends to a depth greater than the stability domain of epidote-amphibolites, which is adopted as the approximate limit of significant crustal dehydration. The dehydration reactions may continue at a greater depth in this area, too. In Cape Mendocino, on the other hand, the upper plane seismicity is shallower than the Figure 11 . Cross sections a, b, and c in Figure 12 in northern Chile, showing earthquake hypocenters [Comte et al., 1999] , calculated temperature structure, and dehydration loci of crust and mantle. Notations are as in Figure 5 . ESE 9 -14 lower limit of the dehydration loci of crust. Whereas we estimate the stability domain of epidote-amphibolites as the approximate limit of significant crustal dehydration in this area, the dehydration may have finished within the stable facies at a lower pressure due to the partial hydration of basalt (see Figure 4a) . Otherwise, the differential stress may not be large enough at depths greater than 25 km for Cape Mendocino.
[43] In northeast Japan, the upper plane seismicity in several profiles bends slightly downward at a depth of $120 km and seems to merge with the lower one at a depth of $200 km. Because the converted seismic waves suggest the constant dip of the subducting slab [Hasegawa et al., 1978b] , such downward migration of the upper plane seismicity seems to be true. However, it is difficult to mimic this morphology with the dehydration loci of the oceanic crust, because these earthquakes are likely to have occurred within the mantle part. The upper dehydration loci of serpentine are, on the other hand, located far down-dip from this deepest portion ( Figure 5 ). We discuss here whether or not uncertainties either in the calculated thermal structure of the slab, hypocenter locations or phase diagrams of dehydration reactions can explain this feature.
[44] The calculated thermal structures might be influenced by shear heating at the thrust zone [e.g., Anderson et al., 1978; Wang et al., 1995; Peacock, 1996] . However, as have been described in the temperature calculation section, we find that the shear heating affects the thermal Figure 14 in Cape Mendocino, showing earthquake hypocenters [Smith et al., 1994] , calculated temperature structure, and dehydration loci of crust and mantle. Notations are as in Figure 5 . structure of the slab only slightly. Although Peacock [1996] suggested that the release and consumption of heat due to metamorphic reactions and the hydrothermal circulations at shallow depth might produce uncertainties in the thermal models, these effects also seem to be minor.
[45] There are several previous studies on the thermal structure of the subducting slab in northeast Japan [Anderson et al., 1980; Furukawa, 1993b; Iwamori and Zhao, 2000; Peacock, 2001] . The temperature structure calculated in the present study is similar to that of Peacock [2001] . Anderson et al. [1980] obtained a warmer slab than that in our study because their convergence velocity and present age of the plate at the trench are slower and younger (50 Ma), respectively, than those in our model. Furukawa [1993b] also obtained a slightly warmer slab than that in our study because his present age of the plate at the trench is younger (80 Ma) than that in our model. A similar result was obtained by Iwamori and Zhao [2000] , because the applied convergence velocity of the Pacific plate is slower (6.3 cm yr
À1
) than that in our model even though the adopted slab age is reasonable one. We do not believe that these warmer slabs resolve the problem because much younger slab ages than that estimated from the magnetic anomalies of the ocean floor [Nakanishi et al., 1992] or slower subducting velocity than that estimated by Maruyama and Seno [1986] were used in these models.
[46] The location of hypocenters may have errors. However, the hypocenter data used in this study are so-called unified data, which have formal errors of less than a few kilometers. Therefore we can deny the possibility of the feature of the upper plane seismicity to be a fake due to mislocations.
[47] As for the uncertainty of the phase diagram, we use two different experimental results for dehydration reaction of serpentine to reduce uncertainties, and it seems to be impossible to shift the upper branch of the dehydration loci of serpentine to the shallower position by more than 100 km along the slab surface.
[48] None of the above factors for uncertainties, therefore, can explain the feature seen in northeast Japan, and other explanations appropriate for the temperature and pressure conditions at the deepest part of the upper plane seismicity are required. Omori et al. [2002] performed thermodynamical calculations for the MgO-Al 2 O 3 -SiO 2 -H 2 O (MASH) system to construct a phase diagram of hydrated peridotite and found several solid-solid reactions. One possible mechanism for the deepest part of the upper plane seismicity in northeast Japan may be instability associated with such solid-solid reactions, because there are two possible reactions for the corresponding temperature and pressure range.
[49] The dehydration loci of serpentine produce a doublelayered structure and its upper branch is mostly located in the wedge mantle above the slab. Only the deepest portion of the upper one penetrates into the cold slabs. Therefore it is not curious that no seismicity corresponding to the upper dehydration loci of serpentine is observed in most slabs. In northeast Japan, even though the upper dehydration loci of serpentine penetrate the slab, no seismicity corresponding to that is observed. This may be attributed to a small differential stress at the depths greater than 200 km. In eastern Aleutians, the upper dehydration loci of serpentine penetrate into the slab at depth deeper than 120 km, and it is along the deepest portion of the upper plane seismicity. This is the only place among the study areas where part of the upper plane seismicity is along the upper branch of the dehydration loci of serpentine. While we assume that the upper plane seismicity to be along the oceanic crust, we cannot deny a possibility that the deepest portion of the upper plane seismicity in eastern Aleutians represents the dehydration of serpentine.
[50] From the comparison between the lower plane seismicity and the dehydration loci of serpentine, we find that for most of the double seismic zones the lower plane seismicity is located along the lower dehydration loci of serpentine if the upper plane seismicity is located along the dehydration loci of the crust. Although the deepest portion of the upper plane seismicity in northeast Japan awaits further studies, the morphology of the double seismic zones in the world is consistent with the dehydration embrittlement hypothesis; the upper and lower planes are attributed to the dehydration of crust and serpentinized mantle, respectively. On the basis of this hypothesis, the presence of a double seismic zone requires lower dehydration loci of serpentine in the slab, and thus the mantle rocks of an oceanic plate must be hydrated prior to subduction at a depth corresponding to a temperature of $600 $ 650°C for both cold and hot slabs, which are the temperatures of the lower dehydration loci of serpentine at the trench. Recently, the presence of hydrated mantle at the depth of the lower plane of a double seismic zone is suggested by the high Poisson's ratio within the subducting Pacific plate beneath the Kanto area [Omori et al., 2002] . It is also noted that the generation of intermediate-depth earthquakes requires the deviatric stresses by some means, such as unbending of the plate, even if significant dehydration occurs.
[51] Sufficient water is required to react with peridotites for serpentinization. The mantle itself does not contain a sufficient volume of water, so the water should be brought from above or below. The major conduits for water within the crust are faults and fractures [e.g., Finkbeiner et al., 1997] . O'Reilly et al. [1996] indicated that the entire crust must be deformed in a brittle fashion for the serpentinization of the mantle rocks. Peacock [2001] emphasized that the slab mantle may be hydrated by normal faulting at the trench outer rise region to produce the lower plane of the double seismic zone. The water may be brought through brittle fractures in the entire crust and the uppermost mantle and hydrate the mantle. However, there is a reasonable doubt as to whether or not this mechanism works for hydration in the deep portion of the oceanic plate. The normal fault-type earthquakes in the trench outer rise regions are mostly shallow, which is consistent with the bending stress [Seno and Yamanaka, 1996] . Although a few large normal fault-type earthquakes, such as the 1933 Sanriku-oki and 1977 Java earthquakes, are said to have penetrated the entire lithosphere [Kanamori, 1971; Lynnes and Lay, 1988] , seismological evidence for this is weak. It should also be noted that up to now only the above two earthquakes have been known historically as being possible. On the other hand, Seno and Yamanaka [1996] pointed out that double seismic zones are associated with deep compressional events in the trench outer rise region. These deep events are consistent with bending stress, and they are isolated from shallow normal faults. This suggests that normal faulting is unlikely to penetrate the entire lithosphere in most regions. It is also noted that if normal faulting acts as a hydration mechanism, double seismic zones should be more common in the world because normal faulting in the trench outer rise is common. However, as we have noted, the lower plane seismicity in northeast Japan is sporadic compared to the uniform upper plane seismicity [Igarashi et al., 2001; Hosono and Yoshida, 2001] , and many subduction zones do not have lower plane seismicity similar to the eastern section of eastern Aleutians [Hudnut and Taber, 1987] . Therefore we believe that normal faulting in the trench outer rise is not likely to be a hydration mechanism for the deeper portion of the oceanic plate. Although it may act as a hydration mechanism for the upper portion of the mantle of the oceanic plate, it is not related to [Hundnut and Taber, 1987] , calculated temperature structure, and dehydration loci of crust and mantle. Notations are as in Figure 5 . the existence of a double seismic zone in most cases as we have shown.
[52] Seno and Yamanaka [1996] proposed that hydration of the deep portion of an oceanic plate occurs when it passes over superplumes or plumes, because the water released by the solidification of diapirs from plumes may hydrate the ambient mantle. Although the plume hydration hypothesis could explain the limited presence of a double seismic zone by localized hydration of the oceanic plate, depending on its tectonic history, application to specific subduction zones awaits future studies.
[53] Kao and Rau [1999] proposed the ''second-type double seismic zones'' for northeast Taiwan, New Zealand, Cape Mendocino, and Alaska. These are characterized by the initiation of lower plane seismicity around depths of 20-40 km, and the narrower separation between the upper and lower planes than that observed in ordinary double seismic zones. Kao and Rau [1999] explained the secondtype double seismic zone by an oblique subduction and a thermally controlled lithospheric rheology with the ductile lower crust sandwiched between the brittle upper crust and uppermost mantle. They ignored the mechanism for reducing rock strength. Aside from the origins of differential stresses, we do not see any reason to distinguish the secondtype double seismic zone, because they are explained by dehydration embrittlement in metamorphosed crust and mantle similar to other ordinary double seismic zones. In northeast Taiwan and Cape Mendocino, a shallower initiation of the lower plane seismicity and a narrower separation between the two planes could be explained by the geometry of dehydration loci of crust and mantle predicted from the thermal structure for these slabs.
[54] Igarashi et al. [2001] recently reported that the upper plane seismicity in northeast Japan is divided into a doublelayered substructure at depths between 60 and 100 km. The focal mechanisms of the upper and lower subplanes are normal faults and down-dip compression, respectively. That is, the slab has a triple seismic zone. Using elastic-perfectly plastic rheology of the oceanic plate, Wang [2002] explained such distribution of the focal mechanisms as follows. The stress state of the top plane in the oceanic crust can be caused by densification due to the formation of eclogites and those of lower two planes in the mantle by significant unbending of the oceanic plate. Such stress states must exist under the condition that the dehydration reactions in the subducting oceanic crust and mantle significantly decrease the brittle strength. It is consistent with the hypothesis of dehydration embrittlement and the results presented in this study.
Conclusions
[55] We test dehydration embrittlement within the subducting slab as a working hypothesis to explain the occurrence of intermediate-depth earthquakes. We calculate the reliable temperature structure of the slabs with double seismic zones, referring to their subduction history, and depict dehydration loci of metamorphosed crust and mantle, based on the experimentally derived phase diagrams. We find that the dehydration loci of serpentine have upper and lower branches, and the upper branch is almost in the mantle wedge, except in northeast Japan and eastern Aleutians where it penetrates into the slab. We therefore regard that the upper plane seismicity is representing the dehydration embrittlement of oceanic crust, and fix the slab geometry so that the upper plane seismicity is just below the slab surface. The predicted P-T paths of the oceanic crust show that the dehydration loci of crust are dependent on the subduction histories of the slab, in which they extend to a depth of $45 km for hot slabs and $75 km or more for cold slabs. Most of the upper plane seismicity extends to depths greater than the predicted dehydration loci of crust, but that in Cape Mendocino is restricted to the depths shallower than the lower limit of the dehydration loci of crust. The deeper extension of the upper plane seismicity could be attributed to that the significant dehydration would continue at greater depths in these areas. The seismicity in Cape Mendocino might be explained by the following two reasons; the significant dehydration may have finished within the stable facies at a lower pressure due to the partial hydration of basalt, or the differential stress may not be large enough at depths greater than 25 km. The deepest portion of the upper plane seismicity in northeast Japan, which seems to merge into the mantle, is difficult to interpret in terms of dehydration embrittlement. In eastern Aleutians, the upper dehydration loci of serpentine penetrate into the slab and are located along the deepest portion of the upper plane seismicity.
[56] We find that for most of the double seismic zones the lower plane seismicity is located along the lower dehydration loci of serpentine if the upper plane seismicity is located along the dehydration loci of the crust. Therefore the dehydration embrittlement hypothesis is consistent with the morphology of the double seismic zones. On the basis of this hypothesis, the presence of a double seismic zone requires that mantle rocks of the oceanic plate are serpentinized prior to subduction at depths where the equivalent temperature is $600 $ 650°C.
[57] We discuss only the direct effects of dehydration of the subducting slab on seismicity in this paper. Obviously, the aqueous liquid released from the slab seems to migrate into the mantle wedge and induce arc volcanism [e.g., Tatsumi and Eggins, 1995; Iwamori, 1998 ]. As for the seismicity within the overriding plate, much attention has recently been paid to the role of aqueous liquid derived from subducting slabs, for example, on seismic low velocity zones in inland fault zones [e.g., Zhao and Negishi, 1998] or on low-frequency earthquakes in the forearc [e.g., Obara, 2002] . Our study may also provide some constraints for these relationships.
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